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Abundances of Suprathermal Heavy Ions in CIRs on STEREO during the Minimum of Solar 
Cycle 23 
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Abstract: We examine the composition of the ~ 0.1-1 MeV/n interplanetary heavy ions from H to Fe in corotating 
interaction regions (CIRs) measured by the SIT (Suprathermal Ion Telescope) instrument. We use observations taken on 
board the two STEREO spacecraft during the unusually long minimum of Solar Cycle 23 from January 2007 through 
December 2010. During this period instruments on STEREO observed more than 50 CIR events making it possible to 
investigate CIR ion abundances during solar minimum conditions with unprecedentedly high statistics. The observations 
reveal annual variations of relative ion abundances in the CIRs during the 2007-2008 period. In 2010 the elemental 
composition in CIRs were influenced by solar energetic particle events. 
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1 Introduction 

Energetic ions accelerated in corotating interaction regions 
(CIRs) have elemental abundances very close to the fast 
solar wind composition, except for the overabundance of 
*He, Ne and C UJ. The overabundance of ^He has been 
recently reported by Mason et al. f2l, suggesting that the 
remnant impulsive flare ions are accelerated in CIRs. The 
singly ionized interstellar He, Ne and inner source C pick- 
up ions provide another population which is accelerated 
in CIRs 13] m. Although many compositional features of 
the suprathermal heavy ions in CIRs are known the relative 
contribution from different sources is not well understood. 

In this paper we report the elemental abundances of the 
suprathermal H, He, O, NeS and Fe in CIRs and discuss 
event-to-event variations of the abundance ratios over the 
long solar minimum period between January 2007 and De- 
cember 2010. 



2 Observations 

The measurements presented here were made with the 
Suprathermal Ion Telescope (SIT) instruments ||5] onboard 
the STEREO-A and -B spacecraft. The SIT instrument 
is a time-of-flight mass spectrometer which measures ions 
from H to Fe in the energy range from 20 keV/n to several 
MeV/n. 

Figure [T] provides an overview of the data over the period 
from January 2007 to December 2010. During the investi- 



gated period the monthly mean sunspot number taken from 
the NOAA never exceed number 15, indicating a low so- 
lar activity level. Panel (A) shows suprathermal 1-hr aver- 
aged He ion intensity #/(cm^ s srMeV/n) for 189, 384, and 
787 keV/n measured by SIT-A. Panels (B - E) show event- 
integrated abundance ratios He/H, He/O, NeS/O and Fe/O. 
Shown are abundances where 1-hr averaged 189 keV/n He 
ion intensities exceed 5 particles/(cm^ s srMeV/n). We use 
SIT pulse height analysis data to determine the abundance 
ratios. The horizontal dashed lines present average abun- 
dances for CIR 1 2 6 1, large solar energetic particle (LSEP) 
ClISl, impulsive SEP |91 and interplanetary shock (IP) lHOl 
events listed in Table [T] The filled circles in Figure (Tjindi- 
cate CIR events. We identify CIR events using the list of 
the CIRs compiled by the STEREO magnetometer team at 
the University of California Los Angeles. The CIR events 
in the period January 2007-September 2009 were exam- 
ined in 1 11 1. The events marked by crosses show sharp rise 
in the intensity of the relativistic electrons. The list of the 
STEREO electron events has been compiled by the SEPT 
instrument team at Universitat Kiel. Taken together with 
the elemental abundances the intensity increases marked 
by crosses are likely related to SEP events. 

Figure [T] shows that the CIR event He/H ratios during the 
period 2007-2009 are consistent with the average He/H ra- 
tio, observed in the previous solar minimum 16|. Large 
event-to-event variations of the He/H in the CIRs occurred 
in 2010 when the SEP event activity considerably in- 
creased. In 2007-2009 the CIR event He/O ratios were 
close to the average He/O ratio obtained in the earlier sur- 
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Figure 1: Panel (A): SIT/STEREO-A l-hr averaged He intensity #/(cm2 s srMeV/n) for 189, 384, and 787 keV/n. Panels 
(B - E): Event-averaged 386 keV/n He/H, 193 keV/n He/O, 137 keV/n NeS/O and 137 keV/n Fe/O elemental ratios. CIR 
events are marked by filled circles, SEP events by crosses. Dashed lines show abundances measured in various particle 
populations present in the hehosphere: CIR events (blue), LSEP events (green), ISEP events (yellow) and IP shocks events 
(red). 
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(150keV/n) 


(385 keV/n) 


(358 keV/n) 


(>300keV/n) 


(358 keV/n) 


(750 keV/n) 


He/H 


[0.125±0.065] 


- 


- 


[0.032±0.003] 


- 


- 


He/O 


113±20 


[273±72] 


[75.0±23.6] 


52±4 


[54±14] 


[44.4±14.4] 


NeS/0 


0.48±0.13 


[0.477±0.017] 


[0.675±0.020] 


- 


[1.158±0.022] 


0.678±0.014 


Fe/O 


[0.08±0.03] 


0.088±0.007 


[0.404±0.047] 


0.24±0.03 


[0.95±0.005] 


[0.236±0.01] 



Note: The ratios in square brackets correspond to the dashed lines in Figure [T] 

"Average of 17 CIR events during solar minimum between December 1992 and July 1995 JSJ. 

"Average of 41 CIR events during Solar cycle 23 betwen November 1, 1997 and June 1, 2007 [!2l. 

'^Average of 64 LSEP events between November 1997 and January 2005 \J]. 

'^ Average of 10 LSEP events between late 1977 and early 1981 lU. 

^Average of 20 ISEP events between September 1997 and April 2003 S- 

•'^Avearge of 72 IP shocks between October 1997 and September 2002 jfTOl . 

Table 1: Heavy ion abundances. 



veys f? "61 . The CIR event He/O ratio showed also large 
spread in 2010. In contrast to the He/H and He/O there is 
no observed increase in scatter of the CIR Fe/O and NeS/O 
ratios in 2010. Notice in Figure [T]that the CIR NeS/O ratio 
stays relatively constant in 2010. 

An interesting feature seen in Figure [T] is the shape of the 
temporal variation of the CIR event Fe/O ratios between 
January 2007 and the beginning of 2009. The Fe/O ratios 
show local minima near the beginning and end of 2007 and 
near the end of 2008. Although there is some scatter in the 
data points the local maxima in the Fe/O have a tendency to 
occur in the middle of 2007 and 2008. Another interesting 



feature is that during the Fe/O minimum at the end of 2007 
the He/O and He/H ratios show enhancements. The behav- 
ior seen in the ratios He/H, He/O and Fe/O is not apparent 
in the temporal profile of the NeS/O ratio. 

In Figure |2] we explore in more detail variations of the 
CIR event elemental ratios in the period January 2007- 
December 2009. Panels (A) and (B) show Fe/O ratios for 
energies 97 and 137 keV/n; panels (C) and (D) He/O ra- 
tios for 193 and 273 keV/n; panels (E) and (F) He/H ra- 
tios for 386 and 546 keV/n. The wider shaded bar denotes 
approximate period (October 2007 -February 2008) when 
both He/O and He/H elemental ratios show local increase 
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(by a factor of '^ 2.5) and Fe/O ratio shows decrease (by a 
factor of ~ 5). The narrow bar marks another such period 
from the middle of October 2008 to the middle of Decem- 
ber 2008. In addition to these two intervals the He/H and 
Fe/O ratios have a local maximum and a minimum, respec- 
tively, at the beginning of 2007. Thus, the He/H and Fe/O 
ratios show variations on nearly annual basis in 2007-2008. 
Similar, but less pronounced variations in the He/O and 
He/H ratios are also seen on STEREO-B. The Fe/O ratio 
on STEREO-B shows a random spread about the nominal 
value. This can be due to a poorer mass resolution in SIT-B 
caused by noise in the detector. 

Figure [3] shows a scatter plot of the CIR Fe/O ratios ver- 
sus corresponding standard deviations. This figure shows 
no relation between the ratio and its statistical error. This 
indicates that the trend in the variations of the Fe/O ratios 
seen in Figures [T]|2] is not accidental. 
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Figure 2: CIR event abundance ratios. Panels (A-B): Fe/O 
for 97 and 137 keV/n. Panels (C-D): He/O for 193 and 273 
keV/n. Panels (E-F): He/H for 386 and 546 keV/n. Shaded 
areas are described in the text. 
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Figure 3: CIR Fe/O ratios for 137 keV/n vs. corresponding 
statistical errors. 

Figure |4] compares elemental abundances for the selected 
CIR events in 2008 and 2010. Panel (A) shows SIT- A 1-hr 
He ion intensity in five energy channels. Panel (B) shows 
solar wind speed from PLASTIC instrument [12|. Panels 
(C - F) show 1-hr averages of He/H, He/O, NeS/O and Fe/O 
abundance ratios. The shaded bars indicate the compres- 
sion regions from previously cited list of CIRs. The CIR 
events in February-March 2008 (left side in Figure 2} have 
characteristic corotating elemental abundances while the 
CIR events in March- April 2010 (right side) have He/H and 
He/O ratios decreased to the SEP abundances. The NeS/O 
and Fe/O ratios in March- April 2010 remained at corotat- 
ing values and essentially do not differ from the abundances 
observed in February-March 2008 

3 Discussion 

Using data from the PLASTIC instrument aboard 
STEREO- A, Drews et al. |13| reported on enhancements 
of He+ and Ne+ pick-up ions during the helium cone 
traversal around November 6, 2007 and October 1, 2008 
with an approximate half width of 54 days. The authors 
observed that He focusing cone was more pronounced on 
November 6, 2007 than on the second passage around Oc- 
tober 1,2008. 

The observations by SIT-A instrument show that the ap- 
proximate start of the period of He/H and He/O enhance- 
ment and Fe/O depletion in October 2007 matches well 
with the start time of the pick-up ions enhancements re- 
ported in ifTSI . This suggests that the enhanced He/H and 
He/O ratios at high energies might result in an enhanced 
production rate of pick-up He+ seed population entering to 
the CIR acceleration. The pattern observed by SIT-A re- 
mained until January-February 2008, exceeding the period 
of the pick-up ions enhancement observed in [ 13|. In addi- 
tion to the He/H maximum at the end of 2007 we found two 
other maxima, one near the beginning of 2007 and other 
around the end of 2008. The timing of all tree increases 
well agree with the yearly passage of the He focusing cone. 
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Figure 4: Panels (A): SIT/STEREO-A 1-hr averaged He intensity #/(cm2 ssrMeV/n) for 189, 269, 384, 550 and 787 
keV/n. Panels (B): Solar wind speed. Panels (C - F): 1-hr averaged 386 keV/n He/H, 193 keV/n He/O, 137 keV/n NeS/O 
and 137 keV/n Fe/O elemental ratios. Grey shaded regions mark the time intervals of the CIRs. Dashed lines present 
abundances in various particle populations (see Figure [T}. 



Kallenbach et al. lfT4l discussed that suprathermal 
He+ZHe^"'' abundance ratio reflects the annual variations 
of the He+ pick-up ions. In contrast, Mobius et al. |3 1 and 
Kucharek et al. ifTSl have not found signatures of the gravi- 
tational focusing cone in the observations of the He+/He^+ 
ratio in the energetic population. The authors discussed that 
injection and acceleration conditions masked He+ pick-up 
ion variations. Note the observations reported in Q [15] 
were acquired over the period relatively close to the sunspot 
maximum of the solar cycle 23. The observations reported 
in this survey were performed during prolonged solar mini- 
mum period under very simple solar wind conditions dom- 
inated by stably recurring CIRs ifTTl . This probably led to 
the much more uniform injection and acceleration condi- 
tions in the CIRs making it possible to see the sign of the 
focusing cone. 

Drews et al. ifTSl noted that 0+ pick-up ions were dis- 
tributed evenly in time and do not show any enhancement 
during focusing cone traversal. Therefore the variations 
of the Fe/O observed by the SIT are likely due to other 
causes and need further investigations. We note that the 
negative correlation between the He/O and Fe/O ratios, ap- 
parent from our observations, has been previously reported 
in f2l with no definitive conclusion. The authors suggested 
temporal or solar cycle effects. 

We observed a number of CIR events in 2010 with de- 
creased He/H and He/O abundance ratios to the SEP com- 
position while the NeS/O and Fe/O ratios remained close 
to the corotating abundances. It is interesting that changes 
in the CIR composition appeared in the period of the en- 
hanced SEP activity. These observations are consistent 
with previous suggestions that CIRs reaccelerate particles 



from earlier SEP events [16|. The intensity of the heav- 
ier ions in the SEP seed population was probably too low 
to change the NeS/O and Fe/O abundances in the reported 
CIR events. 
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